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INTRODUCTION
The resonance excitation of J aggregates of cyanine dyes by laser radiation occurs via the collective (exci tonic) mechanism. This agrees with their intense fast (subpicosecond) optical response (both linear and nonlinear), which makes these low dimensional structures promising for application in data processing [1] and laser engineering [2] . Of special interest is the possibility of applying them for molecular memory schemes. The bistability of a single J aggregate reso nantly excited by radiation has been predicted and studied in theoretical works [3, 4] . Since the J aggre gates of cyanine dyes consist of hundreds and thou sands of molecules, it seems promising to create a miniature memory cell with a noticeably smaller size than that of the complete aggregate. Recent theoreti cal work [5] demonstrated that laser excitation of J aggregates can induce the formation of discrete dis sipative solitons localized almost completely on one molecule. This is obviously the first example of molec ular dissipative solitons and the first example of dissi pative nanosolitons (about 1 nm in size). These cir cumstances actualize the problem of the more com plete simulation of the interaction of oriented J aggregates of cyanine dyes with cw and pulsed laser radiation.
Full scale simulation of the resonance interaction of multimolecular structures with laser radiation is dif ficult both due to the insufficient development of the theoretical model and due to calculation problems. The model proposed in [4] correlates three level sys tems to individual aggregate molecules. The optical dynamics of molecules is described by the Bloch equa tions for one molecule density matrices, which explicitly takes into account the intermolecular dipole-dipole interaction and the excitation annihila tion. The model parameters are chosen based on the experimental data or evaluation considerations. This model is restricted by the following factors. First, the method does not use modern methods of computational quantum chemistry, which allow one to sufficiently correctly determine the main parame ters of individual dye molecules and their complexes, which are needed to set the model. Second, there are additional important factors, such as relaxation pro cesses and inhomogeneous broadening (the spread in the molecular transition frequencies due to the inter action of molecules with the environment, which is observed even at low temperatures). The aim of this study is to develop a more complete model of the interaction of single J aggregates with laser radiation using a reasonable combination of first principle (ab initio) or semiempirical (quantum chemical) calcula tions and a simplified model based on one particle density matrices, some parameters of which are derived from quantum chemical calculations. 
Simulation of Interaction of Oriented

QUANTUM CHEMICAL CALCULATIONS OF ELECTRONIC TRANSITIONS
In this section, we present the results of calcula tions of the equilibrium geometry and the energies and intensities of the lowest singlet electronic transitions of pseudoisocyanine chloride (PIC:Cl) and its linear (chain) oligomers (PIC:Cl) N . The equilibrium geome try was calculated for PIC:Cl, (PIC:Cl) 2 , and (PIC:Cl) 4 by the DFT/B3LYP/6 31G density func tional method using the GAMESS program [6] . The excitation energies and oscillator strengths of elec tronic transitions were calculated by the ZINDO/S CI method using the program described in [7, 8] . It was assumed that the aggregate has an idealized geom etry that differs from the calculated optimized geome try by the following assumptions: (i) all the dye mole cules are identical to each other (we used the averaged geometry of molecules calculated by the DFT method for the (PIC:Cl) 4 aggregate); (ii) the aggregate is con structed by a parallel transfer of a PIC:Cl molecule onto the vector , where the vector b was taken to be the same for all aggregates and was determined as an average shift between molecules, which was also cal culated by the DFT method for the (PIC:Cl) 4 aggre gate; and (iii) to avoid the calculation of unreal states of charge transfer from Cl -to PIC + , we used F atoms instead of Cl in the same positions; i.e., the energies and oscillator strengths of transitions were actually calculated for the (PIC:F) N aggregates. Equilibrium geometry. This geometry is shown in Fig. 1 by the example of (PIC:Cl) 4 . The geometric parameters that characterize the calculated equilib rium geometry of the aggregate were found to be as fol lows: the displacement (norm of the vector b) a = 11.38 Å and the angle between the normal to the mol ecule plane and the vector b of about 63°. The latter value cannot be determined exactly because the defi nition of the plane of the molecule in this case is not completely correct. Deviations of some atoms (even of atoms entering the π electronic system) from the pla nar structure are rather large. A stricter parameter is the angle between the transition dipole moment (see below) of the monomer molecule and the vector b, which, in this case, is 27.8°.
Energies and intensities of electronic transitions. The excitation energies and oscillator strengths for a m b series of the lowest excited states of (PIC:F) N aggre gates are listed in Table 1 .
The effect of the summation of intensities in the long wavelength component of the exciton resonance multiplet is quite obvious. The oscillator strength for this transition approximately linearly depends on the number of molecules in the aggregate. It is important that the direction of the dipole moment for this transi tion is the same for all aggregates and coincides with that for the monomer molecules, i.e., forms an angle of 27.8° with the vector b.
An analysis of the intensities of the other compo nents of the long wavelength exciton resonance mul tiplet shows the existence of transitions with a very low (f ~ 0.001) and rather noticeable (f > 0.1) intensities. The latter have the same direction of the transition dipole moment as in the long wavelength component (i.e., at an angle of 27.8° to the vector b). Beginning from aggregates with N = 4, we observed a clear ten dency for intense and weak transitions to alternate on the energy scale, which is even more pronounced in the case of aggregates with N = 50, the calculated data for which are shown in Table 2 .
According to theoretical considerations (see, e.g., [9] ), the oscillator strengths of exciton components of an ideal linear chain of identical molecules are described by the relation ,
where is the oscillator strength of the corresponding transition of the monomer molecule, N is the number of molecules in the chain, and k is exciton component number. The values calculated by formula (1) using f 0 = 1.37 from Table 1 are presented in Table 2 . A com parison of these values with the oscillator strengths calculated by exact quantum chemical formulas shows good agreement.
INTERACTION OF J AGGREGATES WITH RADIATION
Equations for One Particle Density Matrix
A J aggregate is simulated according to [4] by a lin ear chain of N three level molecules interacting with each other through an electromagnetic field. Two lower levels form an optical transition, which is quasi resonance to the incident laser field. The third molec ular level serves to describe the annihilation of two excitations at neighboring molecules: one of the exci tations is deactivated and the other passes to the third level and then relaxes back to the second or to the first level [10] . As a result, either one or both excitations disappear from the system. The frequency of the tran sition from the ground (1) to the third (3) state is assumed to be approximately equal to the double fre quency of the transition . The distance a between molecules is much smaller than the radiation wavelength. The laser radiation frequency is ω 0 and the radiation polarization is linear.
We use an approach based on the one particle den sity matrix [3, 4] . In the approximation of slowly vary ing amplitudes, the initial equations for the density matrix elements ρ ik , i, k = 1, 2, …, N have the form
where the point in the left hand sides of equations denotes the first derivative. The matrices and ( ) describe the delayed dipole-dipole interaction of aggregate molecules, Table 1 . Excitation energies (in cm -1 ) and oscillator strengths f of (PIC:F) N aggregates. The data are given only for the lowest excited singlet state and for the higher states composing the long wavelength exciton resonance multiplet 
The parameter in (2d) denotes the resonance fre quency detuning for the kth molecule, .
Here, is the average detuning for the molecules in the chain and is its statistical spread, i.e., the nor mal (Gaussian) frequency distribution for transitions of individual molecules (independently of each other) with zero mean value and a specified dispersion (for each kth molecule, it happens independently of the values for the other molecules). The parameter is the Rabi frequency proportional to the complex field amplitude, so that the real electric field strength in the incident wave is .
The other parameters of the problem are the transition dipole moment matrix element μ, the angle θ between the dipole moment and the chain axis, the relaxation constants γ and Γ, and the exciton-exciton annihila tion parameter α. This approach is a priori valid if the excitation of molecules is weak as follows:
(the diagonal density matrix elements are proportional to the populations of the corresponding levels).
To reduce the equation to a dimensionless form, it is convenient to use the parameter , which is natural for homogeneous distributions, .
We normalize the time, the resonance frequency detunings, the Rabi frequency, and the exciton annihi lation parameter to the parameter , 
, .
The relaxation rates G are normalized in the same way. Below, primes are omitted.
The main parameters are given in [3, 4] on the assumption in the absence of statistical spread of detunings. At the same time, to search for the condi tions of existence of various localized structures in a wider class of molecular aggregates, it is also useful to analyze other values of the parameters. For our calcu lations, we chose the following parameters: the num ber of molecules in the aggregate , ,
, and . The fre quency detuning was chosen from the condition , where (for J aggregates, , ). The characteristic spread of frequency detunings ranges from 0 (homoge neous broadening) to 0.2 ; the relaxation parame ters are Γ 21 = 1, , Γ 31 = 0.01, ; and the exciton annihilation parameter is . In linear aggregates, the interaction of molecules at the chain edges with radiation considerably differs from the interaction of molecules in the middle of the chain mainly due to the two exciton annihilation (the parameter α). According to our calculations, the edge effects involve several tens of molecules; therefore, these effects can be neglected for the middle part of a sufficiently long chain. To eliminate them from calcu lations, we can assume that the chain is closed in a ring (periodic boundary conditions). However, although molecular aggregates with a ring geometry are known, their molecules differently interact with linearly polar ized radiation (the Rabi frequency is proportional to the cosine of the angle between the directions of the molecular dipole moment and the radiation polariza tion). Therefore, to create identical conditions for dif ferent molecules, it is necessary to use radiation with, e.g., circular polarization. Below, in addition to a lin ear chain, we will consider ring aggregates because the calculations in this case are much simpler. In subsec tions 3.2-3.4, we analyze a case with a homogeneous broadening (when the frequency spread dispersion of the main molecular transition is σ = 0), while the effect of the frequency dispersion ( ) is studied in subsection 3.5.
Bistability in Case of Homogeneous Broadening
Although bistability in the case of resonance inter action of molecular J aggregates with laser radiation is studied in sufficient detail [3, 4] , we present these cal culations in this paper because, first, model (2) con tains additional relaxation parameters and, second, the results of these calculations are important for con siderations below since the bistability is favorable for the existence of dissipative solitons [11] .
Ring shaped J aggregate. In this configuration, there exist uniform (over aggregate) states with identi (Fig. 2) . Note that the bistability region boundaries can strongly depend on the number of molecules N and are not universal in this respect.
Linear chain. For finite chains, a bistability region also exists but with some limitations. As was men tioned above, a uniform distribution of level popula tions ρ 11 and ρ 22 in this case is impossible due to the edge effect. However, a spatial bistability can exist; i.e., two different profiles of the density matrix elements can be settled depending on the initial conditions. An approximately uniform distribution can exist in the middle of sufficiently long chains. An example of the spatial bistability is given in Fig. 3 , which shows two stable profiles of the lower level populations. It is seen that the edge effect manifests itself for about 50 mole cules from each edge. One of the profiles corresponds to a comparatively low population of the lower level over almost the entire chain (except for its edges), while the second profile demonstrates a higher popu lation of this level in the central part of the chain. This regime will be compared with the case of solitons in Subsection 3.4.
The spatial bistability, similar to the ordinary bista bility, is implemented in a limited region of parame ters. This region is shown in Fig. 4 , which presents the dependence of the maximum (over the chain) popula tion of the lower level on the Rabi frequency. In com parison with the ring shaped aggregate, the stability region for a chain is shifted and narrowed. The occur rence of a given branch is determined by the initial conditions (ρ 11 = 0.99 and ρ 22 = 0.004 for one branch and ρ 11 = 0.9 and ρ 22 = 0.04 for the other). 
Switching Waves
In a ring shaped J aggregate with the classical bistability (bistability of uniform states), it is possible to create an initial condition responsible for the occur rence of one stable state at one part of the aggregate and of another state at the other part of the aggregate. Further evolution leads to the formation of switching waves, an example of which is shown in Fig. 5 . The fig ure demonstrates two counter propagating switching waves that do not interact with each other, while the distance between their fronts exceeds the front widths. It is important that the initially wide nonuniformity gradually transforms to the narrow nonuniformity, which corresponds to solitons considered in the next subsection. A change in the parameters leads to a change in the properties of the switching waves and in the character of their interaction.
Discrete Dissipative Molecular Solitons
This type of soliton corresponds to the profiles of molecular characteristics localized, due to the balance between the energy inflow and outflow, on scales con siderably smaller than the scale of the entire aggregate. In a fairly long aggregate, it is possible to excite a large number of solitons with almost arbitrary positions (determined by the excitation conditions). As is known [11] , the bistability is a favorable factor for the existence of dissipative solitons. This is also true for molecular aggregates with the ring and chain geome tries.
Ring shaped J aggregates. The region of existence of discrete dissipative solitons is smaller than the bista bility region; solitons exist in the region of about 0.94 ≤ Ω ≤ 0.985 (for N = 200). At smaller Ω, the only one stable state is the state with a smaller population of excited molecular states, and state with a larger popu lation is the only one stable state at larger Ω. Within the indicated region, in addition to the two uniform states, there also exist soliton states. Figure 6 shows the distribution of populations of the ground (curve 1) and excited (curve 2) levels of molecules along the aggre gate, as well as the distribution of the phase of the off diagonal density matrix element ρ 12 , which deter mines the molecular dipole moment (curve 3). This stable spatially nonuniform state is indeed a soliton, since, by varying the initial distribution, we can form it in different parts of the ring or create several such soli tons in the case of a sufficiently long ring. These soli tons were not observed in short aggregates (at N < 90, which is obviously determined by a decrease in the molecular interaction coefficients γ lk and Δ lk with increasing distance between molecules).
Linear aggregates. Similar to the case of ring shaped aggregates, solitons also exist in linear aggre gates (molecular chains) almost in the same region of Ω. One and many soliton states can be implemented with different positions on the chain if the chain is suf ficiently long (Fig. 7) .
Inhomogeneous Broadening
Relation (5) takes into account the arbitrary spread of frequencies of aggregate molecules due to their interaction with the environment, these frequencies being time independent at low temperatures. This cir cumstance leads to the violation of the phase coher ence of molecules interacting with radiation. In this case, the J aggregate is efficiently decomposed into finite length clusters whose molecules are coherent, while the clusters are incoherent with each other. Generally speaking, the coherence length for a molec ular aggregate can be defined in different ways. Since we are primarily interested in the interaction of the aggregate with the radiation, it is convenient to define coherent molecules as the molecules for which the phases of the complex off diagonal matrix element ρ 12 determining the dipole moment differ from the field phase by a value smaller than π/2. Let us determine the average cluster size (coher ence length) as follows. For each random frequency spread realization (with the realization number i), we find a stable histogram, i.e., the dependence of the number of clusters with the size k on k, C i (k). Averag ing C i (k) over all realizations (12 realizations in this calculation), we obtain the function Clas(k). The aver age cluster size (in units of the intermolecular distance a) or the coherence length L c can be found by the for mula .
We studied the dependence of the average cluster size L c on the detuning spread dispersion σ for differ ent initially (at σ = 0) uniform states of the J aggregate. We varied the Rabi frequency Ω from 0.1 to 2 and the frequency detuning dispersion σ from 0 to 0.2 (in units of |Δ L |). For each of these cases, we took 12 realiza tions of the random addition to the frequency detun ing Δ k and calculated the coherent cluster size aver aged over all the realizations.
As can be seen from Fig. 8 , the coherence length (cluster size) decreases with increasing dispersion and depends on the Rabi frequency, which relates to the synchronization of oscillations of molecular dipoles by laser radiation. Note that a faster decrease in the coherence length with increasing σ is observed in the region of the nominal bistability (in the absence of fre quency dispersion, this region is represented by the curves for the Rabi frequencies Ω = 0.96 and Ω = 1). This can be qualitatively explained by the decomposi tion of aggregates into clusters corresponding to dif ferent branches of the bistable response.
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Thus, the model of interaction of laser radiation with single linear J aggregates can be corrected in some aspects. First, the methods of modern quantum chemistry allow one to consistently calculate aggre gate characteristics, such as the equilibrium geometry and the energies and intensities of the lowest singlet electronic transitions. These data can be used as parameters of a model describing the interaction of J aggregates with radiation in the approximation of the one particle density matrix. Second, within this model, it is possible to naturally take into account the relaxation processes, the annihilation of excitations at neighboring molecules, and the inhomogeneous broadening. Since the first principle calculation of the annihilation rate constant is difficult to perform at present, this characteristic can be found from esti mates or experimental data.
The calculations performed in this study for molec ular chains in the absence of inhomogeneous broaden ing demonstrate the existence of spatial bistability (when one of two variants of the electronic excitation distribution over the chain is implemented depending on the prehistory), molecular switching waves (with moving fronts of switching between two states), and stationary dissipative solitons. The nonuniform (over the molecular chain length) regimes are obtained under the conditions of a comparatively weak excita tion (condition (6)), which allows one to use low intensity laser radiation. At the same time, the laser should have a stable frequency to retain the nonlinear resonance conditions. The calculations also revealed the important role of inhomogeneous broadening due to the statistical dis tribution of frequencies of the main molecular elec tronic transition due to the interaction of molecules with the environment. This factor leads to an efficient clusterization of J aggregates, i.e., to decomposition of the aggregate into separate clusters, inside which the molecules interact with radiation with approximately the same phase difference. A dependence of the aver age length of these clusters (coherence length) on the frequency spread dispersion and radiation intensity is found. These data show the degree to which it is nec essary to decrease the spread dispersion (which can be done by changing the technology of preparation of J aggregates) to obtain bistability and solitons.
